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PROPAGATION OF RADIAL WAVES
GENERATED BY AN OSCILLATING BODY

by
O. Sibul umud X. Pister

ABSTRACT

A series of experiments was performed for the purpose of investigating
the characteristiocs of the gravity waves resulting from the periodic ver-
tical oscillation of a plunger in water. Tiave heights were measured along a
radial line at various distances from the plunger. Graphs are presented which
show the relationships between wave height and radial distance, wave height and
frequeney with constant amplitude of plunger movement, wave height and amplitude
of plunger movement with constant frequency.

EXPERIMENTAL BQUIPMENT AND PROCEDURE

Laxout s

The experimental investigations wem performed in the Fluid Mechanics
Laboratory, University of California, Berkeley. The first experiments were per-
formed in a small wodel basin (see Figure 1); however, this basin was found to
be too small. It wes possible to measure the wave chara~teristics only up to a
distance of approximetely fourteen feet from the center of the disturbance,
Because of this limitation, the equipment was moved tc o large model basin (65

feet by 120 feet in plan by 2 feet in depth), where most of the experiments were h .

performed. -

The experimental layout of the small basin is shown in Figure 1l. The
basin had & concreste slab bottom and walls. In order to reduce reflection %o
a minimum, & circular sand beach was installed around tne sdges of the basin.
A portable plunger-type wave generator was mounted at the center of the main
basin. Twc thin metal wave-splitters were installed on lines radiating from
the plunger . Thus a nearly undisturbed segment of the radial waves could
travel for a distance of about twenty feet before bresking on the sand beach.

Wave haights were measured at several points (5, 7, 9 and 12 feet from the
plunger) in the section bstween the splitters. The water depth over the horizon-
tal bottom was one foot.

The expsrimental layout of the large model basin is shown in Figure 2.

Radial splitters were not used in this case. The plunger was mounted at one @

end of the basin near a sloping beach which reduced reflection to a minimum.
Instead of bullding sand beaches around the entire perimeter of this basin

to absorb the wave energy, the plunger was operated intermittently and measure=-
monts were made before the waves could be refls~ted from the vertical walls,
Obssrvations showed that the reflections started to influence the results ap-
proximately thirty-fivs seconds aftsr the plunger was started. Because of this
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linitation, measurements were made only during this time interval. The p%unger
was then stopped and the basin allowsd to still before another run was made.

Wave heights were measured at several points (6, 8, 10, 14 and 25 fest
from the plunger) along a radial line. Station 10 was used as the referenoce
station. The water depth over the horizontal bottom was kept approximately
constant for &ll runs, and was just over one foot, whioh resulied in deep water
waves in the range of frequenoles studied,

Plunger Type Wave Generstorgs

The plunger used in all of the experiments was of oylindrical shape
and was attached to a 110 volt do motor. The frequency, w , of the plunger
o0soillation oouid be varied by means of two resistors within & range of from l.b
to about 6 per second. The amplitudes, S, of the plunger oscillation could be

varied by changing the eccentricity of the plunger arm; +the range was from about
zero to a little over six-tenths of a foot.

The plunger was designed sc thet the shape of the head oould bte changed;
hcewever, a flat head was used in all the runs reported in this paper. A few
qualitativo tests were performed using a spherical head during whioh it was ob-
served that more uniform waves were generated.

Measurement of Wave Heizhts:

"

Wave heights were measured by means of electrical resistance gages.(s)
Variation in immersion due to passing waves caused the voltage across the gage
terminal to very. The voltage varliations were amplified and recorded on a Brush
Osoillograph. The resistance gages wers calibrated by raising and lo.ering them
in still water by 0.0l foot increments (see Figure 3a). All gages were onlibrated
at the start and the end of each series., As only & two channel recorder was
available it was possible to make measurements at cnly two looations at the same
time (see Figure 3t). Boocause of this, one gage was used as a reference whiie the
other was connected to the recordsr through a selector switch. The output from
the referenoce gage was recorded continuously through each run while the re-
maining gagee were switched in successively.

Wave heights at any partioular statiocn were obtained by averaging the 10
highest waves of a group of 35 successive waves, When it was not possible to ob-
tain a group of 35 waves from the records, a smaller group wus used and & pro-
portionally smaller number of the highest waves were averaged. The wave height
at Station 10 served as a scale for the wave hcights at other stations (except
in the small basin, where the wave height at Station 6 served as the scale), It
was discovered, however, that the plunger frequency was not oonstant throughout
a run, but that small fluctuations ococurred (up to +0.016 sec. in reriods in
some oases), which resulted in variations in wave heights (Table I, Column 10).
For purposes of comparison, the percentage variations from the mean of the fluo-
tuating wave heights at Station 10 were computed (Table I, Column 13) and the
wave helghts at other stalilons were modified proportionately (Table 1, Columa 14),
The purpose of this procedure was to minimise the e’fect of the fluotuation in
plunger frequency and possible wibration of the plunger platferm.

*  Numbers in parentheses refer to references listed at the end of this report.
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In selecting the group of waves to bL: measured, special care was teken
to measure the same waves as they advanced past the successive stations.

DEFINI TIONS

The terms used in this report were as follows:

AR il

Direction of Plunger Direction of

wave travel

wave trovel
:‘\5:"_//’_\\_74/// %; . ~1 AN

Highest pesition of plunger = 1 I 1 \T\
)

|
' | .
F } R - g
Lowest position of plunger o L S —

bottom clearonce

Bottom
IS S S S S S SSSSSSSSSS

Dp = dismeter of the plunger, feet.
d = still-water depth, feet,
H = wave height, f{aet.
R = radial distance from the center of the plunger tn the point of
measurement, feet.
S = amplitude of plunger motion, feet.
T = wave period, seconds.
w = frequency of plunger motion, 1/second.
g = acceleration of gravity, ft/sec?,
RESUL IS
The test results ars summarized in Table I ernd in graphiocal form in
Pigures 4 to 13,

The Frequency of the Plungeri

For low frequency plunger movement (up to w = 3,0 per second), traveling
wevas moved away from the plungsr with the frequency of the plunger such that the
wave perisd T=1/w o« Higher frequencies gave irregular waves, and it was ex=
pected that at =2 certain high frequency of the plunger a change in the waves
would ocour suddenly. Instead of traveling waves, there would be a standing
wave radiating out from the pluager perpendicular to the traveling wave. This was
actually observed when the plunger frequency exceeded a certain wvalue; however,
no measurements were made because the necessary high frequensy could not be
used with the given equipment for = long enough period of time to obtaein re-
liable data.

Figures 4,5 and 6 demonstrete the effect of plunger frequency on wave

heights, In Figure 4 frequencies of 2.3 and 1.7 were used (with a constant
amplitude S), aad the wave haights were measured at different distances from

o
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the plunger. At each frequency two runs were made maintaining all variables oon-
stant. As can be seen, there is little scatter about a mean curvee Some scat-
tering of the points oan ve seen at Station 6 and also, in some cases, at Station
8. This might be due to the proximity of these stations to the plunger; the
waves may not have stabilized. The curves are of simple sxponential form trom
Station 8 to Station 25. The ohange in form of the cwrves may be due not only

to lack of stabilization close to the plunger, but to bottom reflection.

In Figure 5 ratios of wave height to plungser amplitude are plotted as a
function of plunger trequenoy for the data obtained in the small basin. There
appears to be an optimum plunger frequenoy for which the highest waves are gene-
rated. It is probable that this optimum frequenoy is different for different
plunger characteristics (that is, for different values of S and D_). For the
plunger with a diameter (D,) of 0.50 foot and an amplitude (S) orP0. 41 foot,
this optimum frequency wvaried from about 2.8 to 2.9 per seoond. Further, there
seems to be an intermediate frequency where the ratio of wave height to plunger
amplitude was at a minimum. As oan be seen in Figure 5, this minimum seems tec
be at about w = 1.9 to 2.0. In order to investigate this further, additionai
experiments were made in the large wave basin, using improved equipment which
mede it possible to obtain higher frequencies. The results are presented in
Figure 6.

To allow comparison of the data obtained in both experiments, the data
shown in Figure 5 (Station R = § feet) were modified by multiplying the heights
by the ratio of the two plunger amplitudes,and replotted iu Figure 8. &8s caa vs
seen in Figure 10, this is apparently a legitimate operation. There is con-
siderable scatter of the data, but the trend seems to bu definite. The average
experimental curve in Figure 6 is very similar to that of Figure 5 with regard

to points of maximum and minimum wave heights., The first maximum is approximately

the same for both Figures 5 and € at the frequency w of approximately 1.6.
Tne rirst minimum seems to be also approximately the same for both cases with
w between 1.9 and 2,0. The second maximum +t w between 2.7 and 2.9 is
the highest value within the renge of experime¢atal conditions. The seoond min-
imum is out of the range of Figure 5 and is de 1onstrated at approximately w= 4
in Figure 6. 'he third maximum is not very well defined in figure 6 because
the frequency of the p.unger movement was so high as to make the measurements
uncertain, and it was necessary Lv decrease the duration of the run to a minimum
to prevent demage to the equipment. At higher frequencies the wave character-
isties change entirely and instead of rrogressive waves, standing waves are
formed which radiate in a spoke-like manner from the plunger (orthogonal to the
original progressive waves).

No theoretical analysis will be attempted in this report. It is expected,
however, that the solution would have s form of a Bessel function®* with suo-
cessive maximum and zero points. The solution depends upon the pressure dis-
tribution on the plunger. The latter may be considerably complioated by the
bottom reflection in the oase of shallow water.

There is apparently no data available to aliow prediction of wave
characteristics for difrerent size plungers. Observations of other types of
wave generators opersting at high frequoncy will perhaps be v ,ful ia pre-
dicting the operational characteristios of a large cylindricel plunger.
Observation of a large scale flapper type wave generator showed the optimum
working condition to be at lower frequencies, and the stending orti.uronel waves
usmily started at lcwer frequencies. For this lerge wave generator

* Personal communination from R.C. Ma cCamy
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(approximately 60 feet long in water depth of 1.5 feet) the standing orthogonal
waves could be observed at a frequency of about 2 (depending or the amplitude of
the motion), while on the other hand, for a small plunger-type wave generator
used in a 0.5-foot by 4-foot by 20-foot ripple tank where the water depths are
usually one inch or less, the phenomenon could be observed only when the fre-
quency exceeded approximately 10.

Figures 7 and 8 show the influence of the plunger frequency, w , on
the decay of the waves as they moved from the center of the disburbance. The
data in Figure 7 was ottained in the large basin. The wave height at Station 10
was selected as a reference station, with the wave heights at other stations
shown &s ratics. As can be seen in Figure 7, the frequency, and hence the wave
length, had no noticeable effect on the decay of the waves, at least within the

limits of the experimental conditions. At Station 14 there appears to be a down-

ward trend for the shorter wave lengths, but the number of experiments was not
sufficient to be certain, and the scatter in detz wes considerable.

In Figure 8 are plottad the data obtained in the small basin, using the

wave height at Station 5 as the reference station. The data show that the shorter

waves (higher frequency) have a higher degree of decay. However, one must be
very careful in generallzing thes data. The effsct of radial walls must be con-
sidered and, as can be seen later (Figure 12), this appesrs to be the main
reason for the trend. The ends of the radial walls were too close to the center
of the disturbance and the opening was too small. It would appear that soms of
the wave energy was lost at the entrance.

The Amplitude of the Plunger Motions

Figure 9 and 10 demonstrate the effect of pluager amplitude, S,on wave
height. In Figure 9 are plotted data for three different plunger amplitudes
(0.615; 0.292 and 0,105 foot). In all cases the plunger (diameter D_ = 0.50)
was operated at a ccnstant frequency of 2.3. In general the three g¢hrves are
parallel tc each other. The curves fit the equation H = Hlo(Rlo/k)ﬁ'fairly

well, where H,, is the wave height at a radius of ten feet from the plunger.
In ¥igure 1lu wavs heights were plotted as & function of ths plunger
amplitude, S, for each station. The experimental points fall on straignt

lines, with very littls scatter. It can be seen that the wave height, H, is
proportional to the amplitude of the plunger.

Wave Height Crhenges with Distance:

The data obtuined in the large wave basin show that the frequency of the
plunger motion (hence, the wave length) had little influence on the change of
wave heights as they proceed from the center of the disturbance, at least
within the range of the experimentsal conditions. The only variadbla found to
influence the change of wave heights as they travel from the center cof the
disturbance is the radial distance. The data obtained in the smull basin
seem, howsver, to sontradict this finding. Figure 8 shows a trend to a taster
decrense ir wave heights for higher frequencies. The reason for this phenome=
non can not be given. It is assumed, however, that this is due to the entrance
condition at the wave splitters, as mentioned above and as will again be dis-
cussed later.
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Figure 11 demonstrates the decorsase in wave heights as they travel
from the center of the disturbanca. In this plot the wave height at
Station 10 was tsken us the reference station, and the heights at the other
stations were shown as ratios. This plot shows the same characteristiocs as the
date presented by Johnson in Figure 3 of Reference 3 for impulsive waves gsnerated
by falling weights. In Figure 11 the distances from the center are measured in
Flunger diameters. The average siope of the curves is approximately 45 degrees.

Figure 12 demonstrates again the change in wave height with respect to
the radial distance, R, from the center of the disturbance. The curves were drawn
from data obtained in both the small and the large basins and were the result of
average values from various runs. In order to ocompere the data from the small
basin and the large basin, the wave height at Station 6 was usad as the reference

station for both sets.

The mechanics of the height change of radial waves as they expand from the
ceni.cr c¢f the disturbance can be explained in the simplest form as followsy

If one assumes that the total energy per wave and the wave length remain constant,

then if E; ® energy for « uait of wave crest at Point 1

= energy for a unit of wave crost at Point 2

R = disztance from the center of the disturbance to Point 1
= Zistancze from the center of the disturbance to Point 2

it can be seen that
zr R1E1= 2T RzEz

E1/Bp = Rp/R)

As o
®1/Bp = (Hy/Hp)*

we find that

m/y * Vi -

In this consideration, the effects of viscosity and surface tension have
been neglected. This assumption is justified when the waves are longer than
0.1 foot, as surface tension becomes relatively cmall and the rate of damping
by internal friction is very small for even short period waves\4),

These theoretical curves have been plotted in Figures 9 and 12, The
agreement with the experimental data in the large basin is very good, beginning
with the station at 14 feet. The experimental wave heights are somewhat lower
than the *theoretical curve, as was expected, due to small eff'ects of surface
tension and viscosity. There was sume disagreement close to the center of the
disturbance, but i\ appeared that no energy was lost, as the experimental curve
approaches the theoretical curve as the waves moved away from the disturbed area,
The disagreement at the beginning of the curve might be due to the bottom re-
flection and the eddy disturbances due to plunger movement. Another reason for
this disagreement might be the accelerated movement of the waves in the distur=
bance area caused by the plunger as it splashed water out from the center.
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It is probable that for the small basin some wave energy was lost at the
entrance betwsen the radial wells. However, the experimentally determined curve
starts to run parallel to the theoretical curve in the neighborhood of Stations
10 to 12. It is apparent that radial walls should not be used too close to the
disturbance center, nor should they have a narrow opening. The beginning of the
radial walls should be clearly bey-nd the point where irregularities are caused
by the original disturbance.

Diameter of the Plunger D.:

Two pluncer diameters used weres; Dn= 0,500 foot and Do-= 0.835 foot.
In Figure 13 are shown the data for a plunger with Dy = 0,836 foot. (All the
previous data were for a pluager with D, = 0.500 foot.)

The shape of the curvs in Figure 13 is similar to the curves for & plun-
ger wich a diameter of 0.500 foot (compare with Figures 4, 9 and 12) except for
a flat section around Station 10. The same type of flat section can be found
in Figurs 3 in Reference 3. This flat section might be the result of a larger
disturbance and bottom retlection due To the larger plunger diamster and smaller
bottem clearance. This is substantiatsd by the faot that the flat section is
moved outward for the higher frequency w =z 2.5 of that for w= i.4, as can be
seen in Figure 13. The frequency 2.5 gives more disturbance than the frequency
l.4. Ia Johnson's experiments, this secti-n was almost 30 feet from the dis-
turbance center when heavy weights with large diameter were dropped into shallow
water. It 1s assumed that for greater bottom clearances, and for relatively
smaller plunger diameters, the flat seoction would move inward toward the dis-
turbance center and possibLly wvanish.

CONCLUSIONS

l. The wave height varies inversely with the square rcot of the distance from
the certsr o the piungar.

2. 'There appsars to se an cptimum frequency of the plunger which generates the
highest vowas,

(R

There appears to be an intermediate frequency where the wave heighits are at
a Minimum,

4. The viave height, H, is propcrtional to the amplitude of the plunger .

5. The variables of plungsr frequency, amplitude, etc., apparently have little
influence on the chunge in height of deep water waves as they proceed from
the center of the disturbance (at least in the range of these experiments)
so that the law

E)/B,7V/Ry/R)
is valid for each case.

6. Radial walls, to cut out a segment of wave , should not be placed too close
to the center of the disturbance. The opening should not be too narrow.
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